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Abstract—Most loads of electrical power system on a more 
electric aircraft (MEA) are regulated power converters. These 
loads behave as constant power loads that can significantly affect 
system stability. The system will become unstable and will be 
unable to operate at the rated power. In this paper, a novel 
adaptive stabilization of a permanent magnet synchronous 
generator-based DC electrical power system in MEA is presented 
using a nonlinear feedback approach via loop-cancellation 
technique with a simple equation of feedback gain, which can be 
calculated from the power level of the constant power load.                       
The equation can be derived from a polynomial curve fitting based 
on the proposed mathematical model derived using the dq method. 
The adaptive stabilization results are validated by small-signal 
stability analysis using the linearization technique, large-
signal stability analysis using the phase plane analysis, intensive 
time-domain simulation using MATLAB and experimentation. 
The results indicate that the proposed adaptive stabilization 
technique can provide the considered aircraft power system 
always stable for all operating conditions within the rated power 
and the DC bus voltage can adhere to the MIL-STD-704F 
standard. 
 
Index Terms—Adaptive Stabilization, Nonlinear Feedback, 
Loop-Cancellation Technique, More Electric Aircraft (MEA),                         
Constant Power Load (CPL), Small-Signal Stability Analysis, 
Large-Signal Stability Analysis, dq Model. 
 
I. INTRODUCTION 
he more electric aircraft (MEA) is an essential concept and 
tendency in modern aerospace engineering that attempts to 
replace four sub-systems, i.e., electrical, pneumatic, hydraulic, 
and mechanical systems with only an electrical system. The aim 
of using MEA is to reduce operating costs, fuel consumption, 
environmental impact, and overall weight. Furthermore, 
improvement in the efficiency and reliability of overall aircraft 
systems has been concerned. AC distribution system is the 
preferred system for use in MEA, whereas a hybrid distribution 
system serves as a second option. However, at present (and in 
the future), a DC distribution system represents a potential 
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architecture for MEA because of the distribution advantages it 
presents. These include higher system efficiency and reliability, 
as well as lower overall weight and power losses due to the 
absence of reactive power compensation equipment [1-6]. 
The concept and tendency of MEA have resulted in the wide 
use of power electronic technology because it is easy to control 
and has high efficiency and low maintenance costs. Hence, the 
electrical power system loads on MEA typically include 
regulated power converters, e.g., power converters that are 
connected to an electric motor to control the current and speed 
of the motor as well as AC/DC or DC/DC converters with                      
their output voltage controllers. However, regulated power 
converters behave as constant power loads (CPLs), which are 
characterized as having negative impedance to overall systems 
[6-8]. These CPLs can significantly affect the system stability. 
Instability in this regard may affect controller performance or 
cause system damage [6, 8, and 9]. Thus, stability analysis for 
an electrical system with CPLs is important and necessary, 
particularly for the electrical power systems on MEA. System 
instability on MEA not only affects the controller performance 
but may also cause damage to the overall system, which, 
consequently, will impact passenger safety. These are all 
undesirable circumstances in the context of aviation.                                   
From past to present research, stability studies have been 
proposed to predict unstable points that can be used to avoid 
unstable operation. However, stability results alone cannot 
revert an unstable system to stable system. Therefore, 
instability mitigation issues have been reviewed to extend 
system operation.  
The basic concept of instability mitigation due to CPL 
involves the compensation or elimination of the CPL effect by 
increasing the system damping. These can be categorized into 
two methods, i.e., passive and active damping. The passive 
approach [10 and 11] involves hardware modification by 
increasing filter capacitance, decreasing filter inductance, or 
adding a passive component, e.g., a resistor, a resistor with a 
capacitor, or a resistor with an inductor to the system to increase 
system damping, resulting in increased system stability. Passive 
damping involves a simple method for design and practical 
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implementations. However, the drawbacks of such damping are 
an increase in the overall system size, weight, and price and 
system power losses, which result in decreased system 
performance. Active damping [11-12, 13-26] is an approach 
based on control structure modifications. A compensation 
signal, known as a stabilizing signal, is created and introduced 
to existing control structures. Virtual system damping can also 
be created to increase system stability in which the active 
damping approach is not a hardware modification. In this way, 
the system can achieve higher efficiency and reliability 
compared with using a passive damping technique. Most of 
current research thus tends to use the active damping                              
approach for instability mitigation. According to feedback 
characteristics, active damping can be divided into two 
methods. The first is the linear feedback method [11-12, 14-17, 
19-23], in which the creation of the compensation signal is 
based on the virtual impedance principle. However, research 
[11, 13, and 26] reported that linear feedback compensates only 
for a limited amount of CPL [11, 13, 18 and 26]. The second 
approach, the nonlinear feedback method, can eliminate a wide 
range of CPLs. The compensation signal is designed using                        
a nonlinear control technique, e.g., sliding mode control,                     
state space poles placement, a loop-cancellation technique, and 
neural networks [11, 13, 18, 24-26]. 
The active damping approach can be implemented in three 
ways as given in Table I. The first is by implementing 
modification at the feeder or source side [10-17 and 22]. The 
advantage of this approach is that it does not affect the load 
performance. The main primary disadvantage, however, is a 
limitation in terms of a usable system. This method can only be 
used for a feeder system with switched converters. When the 
feeder system includes non-switched converters, such as an 
uncontrolled rectifier, CPL compensation at the feeder side is 
not possible. In this case, a second approach, i.e., modification 
at the load or CPL side [11, 18-21, 23-25] can be used. 
Modification at the CPL side is a method that can compensate 
for the CPL effect directly by introducing a compensation 
signal to the existing control loop. The drawback of this method 
is that the load performance will be reduced. If the load 
performance becomes more important than the losses, 
compensation using an additional auxiliary circuit is a suitable 
option [11 and 26], in which an auxiliary circuit is                              
installed between the feeder and load systems. This will, 
however, increase the cost and complexity of the overall 
system, as well as power loss. 
 
TABLE I 
THE ADVANTAGES AND LIMITATIONS OF MITIGATION METHODS 
 
Method Advantages Limitations 
Feeder Side 
Active Damping                   
[10-17 and 22] 
not affect to                           
load performance 
can only be applied for 
the switched converters 
 
 
CPL Side                    
Active Damping 
[11, 18-21, 23-25] 
can compensate                    
CPL effect directly 






Circuits                                      
[11 and 26] 
can be applied                           
for the non-switched 
converters without the 
load performance effect 
 
increase cost, power 
loss, and complexity                 
of the overall system 
 
On the basis of the advantage of the nonlinear feedback 
technique, this paper presents adaptive stabilization using                                                  
the loop-cancellation technique. The compensating signal is 
introduced into the existing control loop at the source side. 
Additionally, the stabilization gain can be adopted based on the 
system’s operating point to maintain system stability. The 
simple equation derived from a polynomial curve fitting, 
alongside the instability line provided by the proposed 
averaging model, is used to update the stabilization gain.                         
After applying the proposed mitigation technique, the 
considered MEA system will always be stable within the                              
rated operating point. Furthermore, when stabilization is 
achieved, the DC bus voltage can adhere to the MIL-STD-704F 
standard [27]. The intensive time-domain simulation using 




























































Fig. 1.  The considered MEA power system. 
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This paper is structured as follows; In Section II, a single-
generator-single-bus DC distribution MEA power system with 
the loop-cancellation technique is introduced. Applying the 
loop-cancellation technique to the considered MEA and 
deriving the mathematical model using the dq method is also 
explained. In Section III, a review of system stability is 
presented by small-signal stability analysis using the eigenvalue 
theorem and large-signal stability analysis using the phase 
plane analysis. The details of the proposed adaptive 
stabilization are addressed in Section III. The validation of the 
theoretical analysis by simulation using MATLAB and of the 
experiment using a test rig built in the laboratory are presented 
in Section IV. Finally, the advantages and benefits of the 
proposed adaptive stabilization approach, as well as future 
research, are concluded and discussed in Section V. 
II. THE CONSIDERED MORE ELECTRIC AIRCRAFT POWER 
SYSTEM WITH THE LOOP-CANCELLATION TECHNIQUE 
Fig. 1 shows the MEA power system considered in this 
paper. It comprises a permanent magnet synchronous generator 
(PMSG), which is used to generate AC power by converting 
mechanical power from the aircraft’s engine turbines to 
electrical power. An active front-end (AFE) rectifier is used to 
convert the AC power from the PMSG to DC power for all 
MEA loads, whereas a DC-link capacitor is used to reduce the 
ripple voltage of the DC bus to obtain a smoother and more 
constant voltage. Furthermore, the DC transmission line and all 
MEA loads including the CPL referred to the regulated power 
converters, resistive load represented to a wing de-icing system 
and capacitor bank. The controllers of the AFE rectifier, 
indicated .by .the .gray .area .in .Fig. 1, are the vector controllers 
on the dq-axis. The current controller on the d-axis is used to 




I  to 0. The current controller on the q-axis and the 
voltage controller are used to regulate the voltage across the 
DC-link capacitor ( dcV ), which in this instance equals                               
250–280 V; this is based on the MIL-STD-704F standard 
[27], in which the nominal voltage (
*
o
V ) is set to 270 V. The 
droop controller is used to control current or power sharing 
from each PMSG for all MEA loads to obtain the desired V-I 
droop characteristic. The output of the droop controller is the 
reference voltage for the dcV  controller (
*
dc
V ). Furthermore,                     
Fig. 1 indicates nonlinear feedback via the loop-cancellation 
technique and the adaptive stabilization approach (the green 
and blue areas, respectively, in Fig. 1). In this section, only the 
considered MEA with the loop-cancellation technique                                 
is studied. The adaptive stabilization approach will be                    
described in Section III. 
As shown in Fig. 1, the instability mitigation technique is 
added to the existing conventional controllers. The application 
of the loop-cancellation technique for instability mitigation of 
the considered MEA is explained as follows: 
The dq method is applied for deriving the mathematical 
model with which to obtain a time-invariant model suitable for 
a stability study. The assumptions for deriving the model are 
that the AFE rectifier is operated under the continuous 
conduction mode (CCM), an overlap angle (  ) below 60 , and 
all harmonics in the system are ignored. 
For model derivation, the considered MEA system can be 
divided into three parts. 
A. The Permanent Magnet Synchronous Generator Model 
The dynamic equations of the PMSG on dq frame with a 
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where sR  is the stator resistance, dL  and qL  are the inductance 
on dq-axis, m  is the permanent magnet flux linkage, e  is the 
electrical rotor angular velocity, dI  and qI  are the stator current 
on dq-axis, and dV  and qV  are the stator voltage on dq-axis. 
 
B. The AFE Rectifier Model 
The inner structure of the AFE rectifier includes six switches, 
herein identified as insulated-gate bipolar transistors (IGBTs). 
After using the dq method to eliminate the IGBTs’ switching 
behaviors, the AFE rectifier can be represented by a transformer                    
on the dq-axis with the ratios :1
d
M  and :1
q
M  [4-6].                           
The time-invariant switching function of the AFE rectifier                           
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where m  is the modulation index,   is the phase angle of                      






























Fig. 2.  The equivalent circuit on the dq-axis of the considered MEA                          
power system without the controllers. 
 
First, the open loop control of the AFE rectifier is considered. 
According to (1) and (2), as well as setting the dq-axis rotating                  
at the PMSG rotor angle, the considered MEA without the 
closed-loop control can be represented by the equivalent circuit 
on the dq-axis as shown in Fig. 2. After analyzing the                     
equivalent circuit in Fig. 2 using Kirchhoff’s voltage law                      
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and Kirchhoff’s current law, a mathematical model of the 
considered MEA without controllers is given in (3). 
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Fig. 3.  A block diagram of the controllers without the adaptive stabilization. 
 
C. Controller Models 
Fig. 3 shows a block diagram of the AFE rectifier controllers 
without adaptive stabilization. It includes the existing 
conventional controllers as shown in the gray area. The details 
for how to design the controllers can be found in [4 and 5]. The 
green area is the loop-cancellation for instability mitigation. 





 in the differential equation 
b
V . This effect can degrade 
the system stability. Hence, the instability mitigation via the 
loop-cancellation technique for the considered MEA is required 
to ensure that the MEA system can be operated within all ranges 
under the rated. The mitigation is started by detecting the 
voltage across the capacitor bank (
b
V ). Then, 
b
V  is inverted 
and multiplied by feedback gain 
FB
K  as shown by the green 
area in Fig. 3. The gain can be adjusted to achieve a suitable 
value for eliminating the CPL effect. After considering (3)                           
in the steady-state by setting all differential equations to 0                             
( 0•x  ), the relationship between dcV  and bV  is given in (4), 
which indicates that the CPL effect has a plus sign. 
Consequently, the elimination of the CPL effect via the 
dc
V  
controller can be achieved by creating a stabilizing signal in the 
dc
V  control loop with a minus sign. Thus, a voltage sensor is 
required only for Vb. Consequently, this does not impact power 
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After analyzing the control structure in Fig. 3, equations for 
the controllers are given in (5), and the reference modulation 
index on the dq-axis ( *M
dq
) can be calculated by (6). As shown 
by (5), the new state variables, i.e., Xv, Xid, and Xiq are obtained 
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 as defined by (7) can be 








, which can simplify the 
model. Deriving the mathematical model for the considered 
MEA (Fig. 1) can be performed by substituting dM  and qM              
in (3) with 
d
M   and qM
  from (5) and (6) and by substituting qI  
in (3) with. 1qI .in (7). The mathematical model of the considered 
MEA power system with the loop-cancellation technique in                   
Fig. 1, derived using the dq method, is given in (8). The time-
invariant system model in (8) is thus a suitable model for 
studying system stability. 
III. STABILITY STUDIES AND ADAPTIVE STABILIZATION 
In this section, the considered system stability is reviewed 
using small-signal stability analysis via the linearization 
technique and large-signal stability analysis via the phase plane  
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  (8) 
 
analysis for unstable point prediction. Additionally, instability 
mitigation is presented. The details for how to create adaptive 
stabilization based on the loop-cancellation technique for the 
considered MEA are also described. 
The system model in (8) indicates that KFB occurred in the 
equation. If. FBK .is equal to 0, it infers the system is operated 
without the proposed mitigation technique. After linearizing (8) 
by first-order Taylor series, eigenvalues from the linearization 
of (8) were calculated. The system parameters (as given in the 
appendix) represent a scaled version due to laboratory 
limitations in the experimental setup. Using these parameters, 
Fig. 4(a) shows the dominant eigenvalue plot of the considered 
MEA system when 
CPL
P  is varied from 0.8 to 2.2 kW without 
the mitigation technique (KFB = 0). It is shown that the real roots 
of the dominant eigenvalues at PCPL = 1.4 kW are higher                         
than 0. Therefore, at this operating point, the system is unstable. 





P   kW. To return the system to                  
a stable state, instability mitigation via the loop-cancellation 
technique is applied.  
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Fig. 4.  Analytical results for the unstable point prediction and                          
instability mitigation using the eigenvalue theorem.  
 
Fig. 4(b) to Fig. 4(e) present the dominant eigenvalue plots 
of the considered MEA with the proposed mitigation technique 
when FBK  is equal to 0.25, 0.74, 1.02 and 1.44, respectively. 
Fig. 4(b) shows that the dominant eigenvalues at 1.4CPLP   kW 
(the unstable point) moved from the right-hand side to the                   
left-hand side of the s-plane. This means that the proposed 
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mitigation technique can return the unstable system to a stable 
state by only increasing 
FB
K  from 0 to 0.25. However, if the 
CPL
P  is increased beyond 1.4 kW (here, it is 1.7 kW) while the 
FB
K  remains fixed at 0.25, the gain will not be sufficient for 
mitigation. Accordingly, the system will become unstable 
again. To make the system stable at 1.7
CPL
P   kW, 
FB
K  
should be increased to 0.74 (Fig. 4(c)). For 
CPL
P  equal to 1.9 
and 2.2 kW (rated power),
FB
K  should be increased to 1.02 and 
1.44, respectively. 
KFB = 1.44 can be used to mitigate the system (Fig. 4), which 
can make the system stable for all load powers within the rated 
range. The phase plane analysis is used to investigate the DC 
bus voltage response (
b
V ) adherence to the MIL-STD-704F 
standard when the proposed mitigation technique is applied. 
Using the system model in (8) with the system parameters given 
in the appendix, the trajectory of the considered MEA on                          
the Ic–Vb plane when 1.4CPLP   kW without the mitigation 
technique (KFB = 0) is determined (Fig. 5(a)). The system 
trajectory motion starts from the initial point and then diverges 
from the equilibrium point, indicating that the system is 
unstable at 1.4
CPL
P   kW, corresponding to the eigenvalue 
theorem analysis in Fig. 4(a). Fig. 5(b) presents the system 
trajectory at 1.4
CPL
P   kW when using 1.44
FB
K  (the             
KFB = 1.44 can stabilize the system for all load powers within 
the rated range). The analytical result shows that the trajectory 
can converge to the equilibrium point, indicating the system is 
stable at such conditions. However, the transient state 
b
V  
oscillates considerably exceeding the range of 200–330 V,                     
as specified by the MIL-STD-704F standard. Moreover, the 
steady-state 
b
V  is also not in the range of 250–280 V,                              
as specified by the denoted standard. Fig. 6(b) shows the 
simulation results when 
CPL
P  is increased from 1.2 to 1.4 kW 
with 1.44
FB
K  . The results show that the steady-state 
response of 
b
V  does not adhere to the MIL-STD-704F standard 
with 1.44
FB
K   for 1.4
CPL
P   kW, corresponding to the 
analysis in Fig. 5(b). Based on the analysis in Fig. 5(c), the 
system trajectory at 1.4
CPL
P   kW when 0.25
FB
K   can 
converge to the equilibrium point, and the 
b
V  responses in both 
transient and steady states can adhere to the standard. Fig. 6(a) 
shows the simulation results, confirming the analytical results 
of Fig. 5(c). Concordantly, 0.25
FB
K   stabilizes the system 
for 1.4
CPL
P   kW, and the 
b
V  responses in both transient 
and steady states adhere to the MIL-STD-704F standard, while 
the undesirable 
b
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Fig. 5.  Analytical results from the phase plane analysis.
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K  can cause the nonadherence of the 
b
V  response to 
the standard. Therefore, the design of a suitable 
FB
K  value is 
required. The phase plane analysis was also performed                                
for other PCPLs. Fig. 5 shows that 0.74FBK   is suitable for                     
1.7
CPL
P   kW (Fig. (d)), while 1.02
FB
K   and 1.44 are also 
appropriate for 1.9
CPL
P   kW (Fig. (e)) and 2.2 kW (Fig. (f)), 
respectively. Thus, 
FB
K  must be designed sufficiently small to 
avoid undesirable 
b
V  response. 
FB
K  should be adopted based 
on the 
CPL
P  level to ensure that the system remains stable for 
all operating conditions within the rated power. Hence, adaptive 
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Fig. 7.  Polynomial curve fitting. 
 
The proposed adaptive stabilization is based on a simple 
equation obtained from polynomial curve fitting (Fig. 7).                      
The instability line, indicated by the black dashed line in Fig. 7, 
is first calculated from the stability analysis via the                           
proposed averaging model using the eigenvalue theorem                    
(Fig. 4). Here, the phase plane analysis is not needed to verify 
the 
b
V  responses again. The 
b
V  responses adhere to the                                
MIL-STD-704F standard because the sufficiently small FBK
was selected on the basis of the above-explained analysis in                   
Fig. 5. The instability line is investigated from the unstable 
point ( 1.4
CPL





P   kW). Points ① to ④ of Fig. 4 for a given FBK  
are located on the black dashed line of Fig. 7. The red and blue 
lines are defined via the first- and second-order polynomial 
fitting functions using function “polyfit” in MATLAB, 
respectively. The second-order polynomial equation is more 
accurate than the first-order polynomial equation. The blue line 
is fitted using (9), where a suitable 
FB
K  can be adopted based 
on the PCPL level. 
 
  7 24.282 10   0.003   3.079FB CPL CPLK P P








P I V   
R
   
 
The blue area in Fig. 1 indicates the proposed adaptive 
stabilization for the MEA power system using (9). The 
CPL
P  
value for adapting the 
FB
K  is calculated from 
o
I  and 
b
V . Both 
values are measured from the existing current and voltage 
sensors. Additionally, (9) is only added to the code and operated 
when including the loop-cancellation technique. Consequently, 
the system is always stable until the rated power can be 
achieved. The 
FB
K  varies when 
CPL
P  changes. 
 
PCPL = 2.2 kW PCPL = 2.0 kW 
with KFB = 1.208
PCPL = 1.8 kW 
with KFB = 0.934
PCPL = 1.6 kW 
with KFB = 0.625
PCPL = 1.4 kW 
with KFB = 0.282
PCPL = 1.2 kW 
with KFB = 0 with KFB = 1.449
 
 
Fig. 8.  Analytical results for the adaptive stabilization. 
 
Fig. 8 shows the analytical results of adaptive stabilization 
via the dominant eigenvalue plots. It demonstrates that the real 
roots of the dominant eigenvalues with the adaptable 
FB
K  are 
always on the left-hand side of the s-plane. The FBK  is slightly 
increased following the proposed adaptive equation in (9) until 
FB
K  is equal to 1.449 at the rated power of 2.2 kW. It can be 
concluded that, before applying the proposed adaptive 
stabilization, the system becomes unstable at 1.4CPLP   kW 
(<rated power). After applying the proposed loop-cancellation 
technique using a simple equation, the appropriate 
FB
K  is 
introduced into the system and, consequently, the system                           
can be operated at the rated power.  
IV. SIMULATION AND EXPERIMENTAL VALIDATION 
In this section, the validation of the theoretical analysis by 
MATLAB simulation is presented alongside the details of the 
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experiment. A test rig of the considered MEA power system 
was designed and built in a laboratory (see Fig. 9).                                            
In this case, a programmable AC power supply was used                    
rather than a PMSG, and the controlled buck converter was 
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Fig. 10.  Validation of the unstable point prediction and instability mitigation. 
 
Fig. 10 shows the simulation and experimental results for                   
the unstable point prediction and instability mitigation.                                               
Both the simulation and experimental results were tested in                   
the same conditions and are summarized below. 
- Initially, the system is operated without the proposed 
mitigation technique. The KFB is designated as 0, and the PCPL                                  
is increased by 200 W increments. 
- At t = 2.5 s., the PCPL is increased to 1.4 kW. As predicted 
by the analysis in Fig. 4(a) and Fig. 5(a), the system becomes 
unstable. Both the simulation results in Fig. 10(a) and the 
experimental results in Fig. 10(b) demonstrates the huge 
oscillation of Vb, which is not constant within the range of                   
250–280 V, as specified by the MIL-STD-704F standard. 
Furthermore, it has a ripple voltage equal to 67.4 V in the 
simulation and 45 V in the experiment, which does not               
follow the standard specifying the maximum ripple voltage                
in the steady-state (not exceeding 6 V). This indicates that               
the analytical, simulation, and experimental results are 
consistent in their indications that the system is unstable                        
at this operating point. 
- At t = 3.0 s., the proposed mitigation technique is 
activated. The KFB is designated equal to 0.25. The unstable 
system at PCPL = 1.4 kW returns to a stable state, denoted by the 
oscillation of Vb decreasing until it is constant within the range 
of 250–280 V in the steady-state, thereby adhering to the 
standard. This confirms that the proposed mitigation technique 
can return the unstable system to a stable state. 
- Finally, at t = 4.0 s, the PCPL is again increased to 1.6 kW 
while the KFB is fixed at 0.25. The analytical results in                            
Fig. 4(b) show that the dominant eigenvalues at this operating 
point are on the right-hand side of the s-plane. This indicates 
that the system is yet again unstable due to 
FB
K  being 
insufficient for mitigation. Both the simulation results in                    
Fig. 10(a) and the experimental results in Fig. 10(b) correspond 
to the analytical results in which the system is unstable. 
However, the system instability at this point 
b
V  suddenly 
decreases without oscillation until the system fails. The system 
controllers will attempt to stabilize a system with insufficient 
FB
K , resulting in the modulation index reaching the limit 
specified for avoiding over-modulation. Consequently, the 
system will fail and will be unable to continue operating,                
which is an undesirable aviation situation. This confirms                             
the conclusion that if PCPL is increased, the KFB must be 
increased to be appropriate for mitigation and to maintain 
system stability. Therefore, adaptive stabilization based on                
the PCPL level is required. 
Fig. 11 the confirmation results for the adaptive stabilization 
as expected from the analysis in Fig. 8, the system with an 
adaptable 
FB
K  based on the 
CPL
P  level (acquired using the 
proposed equation in (9)) is always stable for all .
CPL
P  levels 
within the rated power. Both the simulation results in Fig. 11(a) 
and the experimental results in Fig. 11(b) confirm that the 
system is always stable and can be operated at the rated power, 
which can be observed as a result of bV in the steady-state being 
constant within the range of 250–280 V as per the denoted 
standard. Although 
b
V  in the experiment indicated a degree of 
ripple voltage, the maximum ripple voltage in the steady-state 
was <6 V and, as such, adheres to the denoted standard.                             
In addition, the transient responses 
b
V  from the simulation and 
experiment are shown in the zoomed area of Fig. 11(a) and                      
Fig. 11(b). The responses have settling time = 0.02 s.                                       
(not exceeding 0.04 s.) without the overvoltage and 
undervoltage more than 330 V and less than 200 V, 
respectively, of which the results can also follow the standard.     
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Fig. 11.  Validation of the adaptive stabilization. 
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Fig. 12.  Simulation results for the validation of the robustness of the proposed adaptive stabilization. 
 
The simulation results using the proposed adaptive 
stabilization equation when Rc and RL are changed to                                          
Rc + 10% = 6.09 mΩ , Rc - 10% = 4.99. mΩ , RL + 10% = 66Ω  
and RL - 10% = 54 Ω  are shown in Fig. 12(a) to Fig. 12(d), 
respectively. Although Rc and RL changes, the system remains 
stable for all operating conditions within the rated power. 
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Moreover, the transient and steady-state responses 
b
V  adhere 
to the MIL-STD-704F standard. This means that parameter 
robustness does not affect the adaptive stabilization results.                               
Overall it can be concluded that there is very good agreement 
between the analytical, simulation, and experimental results. 
Typically, a system without proposed adaptive stabilization will 
become unstable at 1.4
CPL
P   kW (<rated power). After 
applying the proposed adaptive stabilization approach based on 
the loop-cancellation technique and including the simple 
FB
K  
equation, which is defined using the proposed mathematical 
model including the eigenvalue theorem, system instability                  
due to the CPL effect can be fully eliminated. Accordingly,                    
the system always remains stable for all operating conditions 




P   kW. As such,                          
it is confirmed that the proposed adaptive stabilization is                           
an effective approach that can be used to guarantee                                     
the stable operation of a PMSG-based DC electrical power 
system in a MEA. 
V. CONCLUSIONS 
This study presented an adaptive stabilization of a PMSG-
based DC electrical power system in a MEA. The proposed 
approach is based on the loop-cancellation technique with                          
a simple equation that can calculate the adaptable gain based on 
the relevant power level. This simple equation was derived from 
the polynomial curve fitting based on the proposed 
mathematical model. The resulting adaptive stabilization can 
eliminate system instability owing to the CPL effect. 
Consequently, the considered MEA power system is always 
stable and can be operated at the rated power. The theoretical 
analysis results (derived via the linearization technique with                  
the eigenvalue theorem and the phase plane analysis), the 
simulation, and the experimental results used for results’ 
validation, were consistent. The results confirm that the system 
is stable for all operating conditions within the rated power 
using the proposed adaptive stabilization without adding any 
equipment into the system. Also, the 
b
V  response adheres to 
the MIL-STD-704F standard, and the parameter robustness 
within 10%  does not affect the adaptive stabilization 
results. Consequently, the proposed adaptive stabilization can 
effectively guarantee a PMSG-based DC electrical power 
system’s stable operation in a MEA. However, the equation for 
calculating the proposed approach’s adaptive gain is defined 
from the polynomial curve fitting based on the eigenvalue plot 
using the proposed model. If the system parameters are 
changed, the process of defining the adaptive stabilization 
equation is repeated following the summarized procedure in 
Fig. 13. First, a sufficiently small FBK  is defined for each CPLP  
within the rated power via the stability analysis. Then, the 
instability line is calculated from the stability analysis results 
and used for polynomial curve fitting. The polynomial curve 
fitting is performed until the polynomial equation is equivalent 
to the instability line. Consequently, the adaptive stabilization 
equation is defined. Thus, in this context, providing the 
proposed adaptive stabilization represents a convenient and 
flexible approach, whereas a general and simple equation of 
FB
K  can be developed in future studies. Moreover, adaptive 
stabilization for a realistic potential architecture of MEA,                   
multi-generator(PMSGs)-single-bus DC distribution MEA 
power systems can also be considered. 
 
defining a sufficiently small KFB for each PCPL
within the rated power via the stability analysis
instability line calculation
polynomial curve fitting
adaptive stabilization equation is defined increasing the order of polynomial equation




Fig. 13.  Process flowchart for defining the adaptive stabilization equation. 
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